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MoAvaAon:	  IceCube	  discovery	  is	  the	  
high-‐energy	  Ap	  of	  an	  iceberg:	  	  
What’s	  below	  the	  surface?	  
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the π/K and charm
components of the atmospheric νµ spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is

strongly disfavored by their properties. The observed

deposited energy distribution extends to much higher en-

ergies (above 2 PeV, Fig. 2) than expected from the π/K
atmospheric neutrino background, which has been mea-

sured up to 100 TeV [9]. While a harder spectrum is ex-

pected from atmospheric neutrinos produced in charmed

meson decay, this possibility is constrained by the ob-

served angular distribution. Although such neutrinos

are produced isotropically, approximately half [27, 28]

of those in the southern hemisphere are produced with

muons of high enough energy to reach IceCube and trig-

ger our muon veto. This results in a southern hemisphere

charm rate ∼50% smaller than the northern hemisphere

rate, with larger ratios near the poles. Our data show no

evidence of such a suppression, which is expected at some

level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-

hood fit in arrival angle and deposited energy to a com-

bination of background muons, atmospheric neutrinos

from π/K decay, atmospheric neutrinos from charmed

meson decay, and an isotropic 1:1:1 astrophysical E−2

test flux, as expected from charged pion decays in cos-

mic ray accelerators [30–33]. The fit included all events

with 60TeV < Edep < 3PeV. The expected muon

background in this range is below 1 event in the 3-year

sample, minimizing imprecisions in modeling the muon

background and threshold region. The normalizations of

all background and signal neutrino fluxes were left free

in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with Edep > 60TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-

ground was constrained with a Gaussian prior reflecting

our veto efficiency measurement. We obtain a best-fit

per-flavor astrophysical flux (ν + ν̄) in this energy range

of E2φ(E) = 0.95 ± 0.3 × 10−8 GeV cm−2 s−1 sr−1 and

background normalizations within the expected ranges.

Quoted errors are 1σ uncertainties from a profile like-

lihood scan. This model describes the data well, with

both the energy spectrum (Fig. 2) and arrival directions

(Fig. 3) of the events consistent with expectations for an

origin in a hard isotropic 1:1:1 neutrino flux. The best-fit

atmospheric-only alternative model, however, would re-

quire a charm normalization 3.6 times higher than our

current 90% CL upper limit from the northern hemi-

sphere νµ spectrum [9]. Even this extreme scenario is

disfavored by the energy and angular distributions of the

events at 5.7σ using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which

the astrophysical flux is parametrized as a piecewise func-

tion of energy rather than a continuous unbroken E−2

power law. As before, we assume a 1:1:1 flavor ratio and

isotropy. While the reconstructed spectrum is compati-

ble with our earlier E−2 ansatz, an unbroken E−2 flux

at our best-fit level predicts 3.1 additional events above

2 PeV (a higher energy search [10] also saw none). This

may indicate, along with the slight excess in lower en-

ergy bins, either a softer spectrum or a cutoff at high

energies. Correlated systematic uncertainties in the first

few points in the reconstructed spectrum (Fig. 4) arise

from the poorly constrained level of the charm atmo-

spheric neutrino background. The presence of this softer

(E−2.7) component would decrease the non-atmospheric

IceCube	  discovery	  plot.	  	  HESE	  
analysis	  cuts	  out	  low	  energy.	  
Index	  of	  astro	  flux	  ~	  2.3	  ?	  

Upward	  
How	  does	  the	  astro	  spectrum	  
conAnue	  below	  100	  TeV?	  	  

νµ → µ

PRL	  113,	  101101	  (2014)	  	  
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•  Historical	  introducAon	  
–  CalculaAng	  the	  flux	  of	  atmospheric	  µ and	  ν	  

•  Muon	  charge	  raAo,	  K/π	  raAo,	  	  	  	  	  	  	  	  	  	  	  raAo	  
•  Atmospheric	  neutrinos	  to	  PeV	  
–  Energy	  dependence	  of	  hadron	  producAon	  
– Must	  account	  for	  knee	  in	  cosmic-‐ray	  spectrum	  
–  Prompt	  neutrinos	  from	  charm	  decay	  	  

•  Atmospheric	  neutrino	  self-‐veto	  
•  Atmospheric	  ν backgrounds	  in	  IceCube	  

ν/ν̄
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DetecAng	  neutrinos	  in	  H20	  
Proposed	  by	  Greisen,	  Reines,	  Markov	  in	  1960	  

ANTARES	  IceCube	  SNO	  

Super-‐K	  

Heritage:	  
• 	  DUMAND	  
• 	  IMB	  
• 	  Kamiokande	  
• Baikal	  
• AMANDA	  

Future:	  
•  KM3NeT	  
•  IceCube	  Gen2	  
•  GVD	  
	  



1961	  
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CalculaAng	  atmospheric	  lepton	  fluxes:	  
two	  approaches	  
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2.	  Convolve	  primary	  spectrum	  with	  yields	  per	  primary	  

5

Cascade equations

In the next few chapters we will discuss cosmic ray cascades specifically in

the atmosphere of the Earth. Many of the basic ideas and results apply also

to many other settings and problems of interest that will be discussed later.

These include particle production in stellar atmospheres and in outflows

from active galaxies and astrophysical explosions as well as in propagation

through the interstellar medium.

5.1 Basic equation and boundary conditions

The linear development of a cascade of particles in the atmosphere can be

described by a system of equations of the form

dNipEi, Xq
dX

“ ´NipEi, Xq
λi

´ NipEi, Xq
di

(5.1)

`Σ
J
j“i

ż 8

E

FjipEi, Ejq
Ei

NjpEj , Xq
λj

dEj .

Here NipEi, XqdEi is the flux of particles of type i at slant depth X in

the atmosphere with energies in the interval E to E ` dE. Note that X is

measured from the top of the atmosphere downward along the direction of

the particle that initiated the cascade, as shown in Fig. 5.1. The probablility

that a particle of type j interacts in traversing an infinitesimal element of

the atmosphere is dX{λjpEjq, where λj is the interaction length in air of

particles of type j. Similarly, dX{djpEjq is the probability that a particle of

type j decays in dX. All three quantities X, λj and dj must be expressed in

consistent units, and we use g/cm
2
. Energy loss by ionization is not included

in Eq. 5.1 because it is not important for hadrons in the atmosphere or for

high-energy electrons.

Interaction length and decay length depend on density of the medium in

φν(Eν , θ) = ΣA

� ∞

Eν

φA(EA)Yν(A,Eν , EA, θ) dEA,

1.	  	  AnalyAc/numerical	  soluAons	  of	  the	  cascade	  equaAons	  



Scaling/power-‐law	  soluAons	  for	  ν	


Same	  form	  for	  µ;	  
Different	  kinemaAcs	  
à	  µ,	  ν	  differences	  
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Zπν	  =	  

Zπµ	  =	  

	  rπ	  =	  0.573	  	  	  but	  
	  rK	  =	  0.0458	  

	  επ	  	  =	  115	  GeV	  
	  	  εK	  	  =	  850	  GeV	  
	  εcharm	  >	  10	  PeV	  

γ + 1 ≈ 2.7
Spectral	  index	  



Importance	  of	  kaons	  for	  neutrinos	  
•  Atmospheric	  νµ mainly	  from	  K+/-‐	  
•  TeV	  atmospheric	  νe	  from	  Ke3	  decays	  of	  K0,K+/-‐	  
•  Associated	  producAon	  (p	  à	  K+Λ)	  favors	  K+	  	

•  Charm	  à	  µ, ν :	  small	  but	  potenAally	  important	  at	  high	  E	  

–  contribuAon	  isotropic	  (compared	  to	  secant	  θ	  effect	  for	  >TeV	  
leptons	  from	  decay	  of	  π	  and	  K)	  
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Neutrinos	   Muons	  
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Bin Eµ cosθ ∗ (Eµ cosθ ∗)MPV �θ� Rµ δRµ (stat.) δRµ (syst.)
(GeV) (GeV) (deg) %

1 562 - 1122 1091 47.5 1.357 0.009 1.8
2 1122 - 2239 1563 42.8 1.388 0.008 0.1
3 2239 - 4467 2972 46.9 1.389 0.028 2.1
4 4467 - 8913 7586 60.0 1.40 0.16 7.1

Table 4 The charge ratio in bins of Eµ cosθ ∗. Here reported are the energy bin range, the most probable value of the energy distribution in the bin
(MPV, evaluated using the full Monte Carlo simulation described in [9]), the average zenith angle, the charge ratio and the statistical and systematic
uncertainties.
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Fig. 2 Our measurement of the muon charge ratio as a function
of the surface energy Eµ (black points). The two-dimensional fit in
(Eµ ,cosθ ∗) yields a measurement of the composition parameter δ0 and
of the factor ZpK+ . The fit result is projected on the average OPERA
zenith �cosθ ∗� � 0.7 and shown by the continuous line. Results from
other experiments, L3+C (only for 0.675 < cosθ < 0.75) [15], MI-
NOS Near and Far Detectors [16, 17], CMS [18] and Utah [19], are
also shown for comparison.

A linear energy dependence in logarithmic scale of the
parameter δ0 was assumed, δ0 = a + b log10(EN /GeV/nu-
cleon), as suggested by direct measurements of the primary
composition and by the Polygonato model [23]. We fixed
the slope at b = −0.035 which was obtained fitting the val-
ues reported in [2].

We made a two-dimensional fit of OPERA and L3+C
data as a function of (Eµ ,cosθ ∗) to Eq. 2 with δ0 and ZpK+

as free parameters. The fit yields the composition parameter
at the average energy measured by OPERA �Eµ� = 2 TeV
(corresponding to �EN�≈ 20 TeV/nucleon) δ0(�Eµ�)= 0.61±
0.02 and the factor ZpK+ = 0.0086±0.0004.

The result of the fit in two variables (Eµ ,cosθ ∗) is pro-
jected on the average OPERA zenith �cosθ ∗� � 0.7 and is
shown in Fig. 2 together with the measured charge ratio as
a function of the surface muon energy. The energy indepen-
dence of the charge ratio above the TeV supports the validity
of the Feynman scaling in the fragmentation region.

4 Conclusions

The atmospheric muon charge ratio Rµ was measured with
the complete statistics accumulated along the five years of
data taking. The combination of the two data sets collected
with opposite magnet polarities allows reaching the most ac-
curate measurement in the high energy region to date. The
underground charge ratio was evaluated separately for sin-
gle and for multiple muon events. For single muons, the in-
tegrated Rµ value is

Rµ(nµ = 1) = 1.377±0.006(stat.)+0.007
−0.001(syst.)

while for muon bundles

Rµ(nµ > 1) = 1.098±0.023(stat.)+0.015
−0.013(syst.)

The integral value and the energy dependence of the charge
ratio for single muons are compatible with the expectation
from a simple model [2, 14] which takes into account only
pion and kaon contributions to the atmospheric muon flux.
We extracted the fractions of charged pions and kaons de-
caying into positive muons, fπ+ = 0.5512±0.0014 and fK+ =
0.705±0.014.

Considering the composition dependence embedded in
Eq. 2, we inferred a proton excess in the primary cosmic
rays δ0 = 0.61±0.02 at the energy �EN� ≈ 20 TeV/nucleon
and a spectrum weighted moment ZpK+ = 0.0086±0.0004.

The observed behaviour of Rµ as a function of the sur-
face energy from ∼ 1 TeV up to 20 TeV (about 200 TeV/nu-
cleon for the primary particle) shows no deviations from a
simple parametric model taking into account only pions and
kaons as muon parents, supporting the hypothesis of lim-
iting fragmentation up to primary energies/nucleon around
200 TeV.
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Muon	  charge	  raAo	  

•  RaAo	  due	  to	  excess	  of	  p	  over	  n	  in	  
primary	  CR	  +	  steep	  spectrum	  which	  
favors	  pà	  π+	  over	  pà	  π-‐	  

•  Rise	  at	  TeV	  due	  to	  increased	  
importance	  of	  Kaons	  (especially	  K+)	  

MINOS	  	  

OPERA	  
	  arXiv:1403.0244	  
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Muon	  charge	  raAo	  including	  kaons	  
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where	  

There is an equal contribution of central production to positive kaons,
but in addition there is the contribution from associated production. The
total contribution of the kaon channel to positive muons is

φK(Eµ)+ = φN(Eµ) ANK ×
1
2(1 + αKβδ0)

1 + B+
Kµ cos(θ)Eµ/εK

. (16)

Here

αK =
ZpK+ − ZpK−

ZpK+ + ZpK−

and

B+
Kµ = BKµ × 1 + βδ0αK

1 + βδ0αK(1 − ln(β)/ln(ΛK/ΛN))
.

Combining the expressions for µ+ and µ− from pions (Eq. 13) and from
kaons (Eqs. 15 and 16), the muon charge ratio is

µ+

µ− =

[
fπ+

1 + Bπµ cos(θ)Eµ/επ
+

1
2(1 + αKβδ0) AKµ/Aπµ

1 + B+
Kµ cos(θ)Eµ/εK

]

×
[

(1 − fπ+)

1 + Bπµ cos(θ)Eµ/επ
+

(ZNK−/ZNK) AKµ/Aπµ

1 + BKµ cos(θ)Eµ/εK

]−1

. (17)

For the pion contribution, isospin symmetry allows the pion terms in the
numerator and denominator to be expressed in terms of f+

π as defined after
Eq. 14 above. The kaon contribution does not have the same symmetry.
Numerically, however, the differences are at the level of a few per cent, as
discussed in the results section.

3. Primary spectrum of nucleons

What is relevant for calculating the inclusive spectrum of leptons in the
atmosphere is the spectrum of nucleons per GeV/nucleon. This is because, to
a good approximation, the production of pions and kaons occurs at the level
of collisions between individual nucleons in the colliding nuclei. To obtain
the composition from which the spectrum of nucleons can be derived we use
the measurements of CREAM [6, 7], grouping their measurements into the
conventional five groups of nuclei, H, He, CNO, Mg-Si and Mn-Fe.

Direct measurements of primary nuclei extend only to ∼ 100 TeV total
energy. Because we want to calculate spectra of muons and neutrinos up to

6

TG,	  Astropart.	  Phys.	  35	  (2012)	  801	  

OPERA	  fit	  data	  as	  a	  funcAon	  of	  cosθ	  and	  E	  	  with	  two	  free	  parameters.	  
	  They	  find	  ZpΚ+ = 0.0086 ± 0.0004  and	  	  δ0	  =	  0.61	  at	  ~	  20	  TeV/nucleon	  



Results	  for	  ZpK+	  =	  0.086	  ±	  0.04	  
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Primary	  spectrum	  
•  Combine	  informaAon	  	  

–  from	  direct	  measurements	  <	  100	  TeV	  
–  	  with	  air	  shower	  measurements	  of	  all-‐parAcle	  spectrum	  at	  higher	  E	  

•  AssumpAons:	  
–  5	  nuclear	  groups:	  p,	  He,	  CNO,	  Mg-‐Si,	  Fe	  
–  3	  populaAons:	  SNR,	  Hillas’	  GalacAc	  component	  B,	  extra-‐galacAc	  
–  All	  features	  depend	  on	  rigidity,	  R	  =	  Pc	  /	  Ze	  

–  All	  parAcle	  spectrum:	  

–  Spectrum	  of	  nucleons:	  	  

•  Requirements	  
–  Consistency	  with	  air	  shower	  measurements	  of	  the	  all-‐parAcle	  

spectrum	  
–  Anchor	  to	  composiAon	  from	  direct	  experiments	  below	  100	  TeV	  
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Spectrum	  of	  nucleons	  determines	  
fluxes	  of	  atmospheric	  ν	  and	  µ	
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Spectrum	  of	  nucleons	  
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Challenge:	  
For	  the	  first	  Ame,	  we	  
must	  account	  for	  the	  
knee	  in	  the	  cosmic-‐ray	  
spectrum	  to	  calculate	  
atmospheric	  neutrinos	  

Also	  need	  to	  account	  for	  
non-‐scaling	  behavior	  of	  
meson	  producAon	  over	  
wide	  energy	  range	  	  
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Atmospheric	  neutrinos	  to	  PeV	  
•  Bartol	  fluxes,	  	  	  	  	  	  	  	  	  	  	  	  	  	  Honda	  et	  al.	  	  

–  G.	  Barr	  et	  al.	  PRD	  70,	  023006;	  Honda	  et	  al.,	  PRD	  75	  (2007)	  043006	  
–  Full	  Monte	  Carlo	  gives	  yields	  for	  a	  grid	  of	  primary	  
energies	  and	  masses	  

–  Convolve	  with	  primary	  spectrum	  
–  Produce	  tables	  of	  neutrino	  fluxes	  to	  10	  TeV	  

•  Full	  Monte	  Carlo	  calculaAons	  	  
–  are	  awkward	  at	  high	  energy	  because	  	  
– mesons	  almost	  always	  interact	  rather	  than	  decay	  

•  Use	  numerical	  method:	  
–  Thunman,	  Ingelman,	  Gondolo,	  Astropart.	  Phys.	  5	  (1996)	  309	  
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Unified	  approach	  to	  calculaAng	  
•  Use	  simple	  equaAons	  

•  With	  energy-‐dependent	  Z-‐factors	  

•  Allows	  systemaAc	  evaluaAon	  of	  	  
– Different	  primary	  spectrum/composiAon	  models	  
– UncertainAes	  in	  hadronic	  interacAons	  
– Non-‐scaling,	  non-‐power-‐law	  energy	  dependence	  
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φν(Eν)

Zi,j(E) =
� ∞

E
dE� φN (E�)

φN (E)
dni,j(E�, E)

dE

φν(Eν) = φN (Eν)× Σi=1,3

�
Aiν

1 + Biν cos∗ θ Eν/�i

�



Energy-‐dependent	  Z-‐factors	  
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Dored	  lines:	  
	  thanks	  to	  M.	  Honda	  for	  
providing	  extended	  
table	  of	  Z-‐factors	  from	  
PRD	  75	  (2007)	  043006	  

Monte	  Carlo	  calculaAons	  
of	  atmospheric	  ν	  extend	  
only	  to	  10	  TeV	  (also	  for	  
“Bartol”	  fluxes,	  2004:	  
G.	  Barr	  et	  al.	  PRD	  70,	  023006	  

Solid	  lines:	  	  
Energy-‐independent	  	  
interacAons;	  only	  source	  of	  
energy	  dependence	  is	  knee	  



	  	  Compare	  with	  extrapolated	  Honda	  
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Solid	  lines:	  energy-‐independent	  
hadronic	  interacAons.	  
Dored	  lines:	  Honda	  et	  al	  with	  
same	  primary	  spectrum	  
	  
Data	  points	  from	  Honda	  et	  al.	  
Monte	  Carlo	  calculaAon,	  which	  
is	  steeper	  at	  low	  energy	  due	  to	  
neutrinos	  from	  muon	  decay.	  	  
Also,	  it	  has	  a	  slightly	  different	  
primary	  spectrum.	  
	  
Note:	  νe	  are	  from	  Ke3	  decays,	  
including	  7	  �	  10-‐4	  KS	  ,	  which	  
becomes	  significant	  only	  for	  
Energy	  ~	  εcriAcal	  ≈	  120	  TeV.	  
TG	  &	  S.	  Klein,	  arXiv:1409.4924	  
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Importance	  of	  charm	  
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§  CriAcal	  energy	  εcharm	  ≈	  107	  GeV	  
§  So	  spectrum	  of	  ν	  from	  charm	  

follows	  primary	  spectrum	  
§  ConvenAonal	  ν	  one	  power	  steeper	  
§  Crossover	  of	  prompt/convenAonal	  

competes	  with	  the	  transiAon	  to	  
astrophysical	  neutrinos	  

§  A	  charmed	  analog	  of	  pàK+Λ	  may	  
be	  important	  
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EsAmate	  prompt	  ν	  from	  charm:	  
•  Scale	  inclusive	  cross	  
secAons	  from	  plot	  
–  Limited	  phase	  space:	  
– Use	  FONLL	  to	  get	  total	  
σcharm	  	  

–  Compare	  inclusive	  σπ:	  

	  

– Add	  charm	  decay	  
kinemaAcs	  and	  nuclear	  
target	  effect	  
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ZN charm ∼ ZNπ
σcharm

< nπ > σinel

ALICE	  CollaboraAon,	  
Abelev	  et	  al.,	  JHEP_(2012)	  



Prompt	  vs	  convenAonal	  neutrinos	  
•  EsAmate	  ≈	  ERS*	  
•  For	  convenAonal	  ν	  
(for	  E	  >	  TeV)	  

•  Prompt	  crossover	  
earlier	  for	  νe	  

•  Prompt	  component	  
cannot	  be	  nelected!	  
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*ERS	  =	  Enberg,	  Reno,	  Sarcevic,	  PRD	  78	  (2008)	  043005	  
	  

φ(νe) ≈ φ(νµ)/20



Adding	  charm	  to	  SIBYLL	  (post-‐LHC)	  
Felix	  Riehn,	  ISVHECRI	  2014	  
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Strategy:	  add	  charm	  producAon	  including	  a	  non-‐perturbaAve	  
component	  adjusted	  to	  rperoduce	  fixed	  target	  measurements	  
in	  addiAon	  to	  the	  perturbaAve	  QCD	  contribuAon	  

!"#$%$&$'()*'+,*"-./#%0'1!+23!" 45678659
:.;*<'-*=>&?$%="'%"'@%A/BB'C'D6'E%,."

#$%&'()*+,%-./0,1/23'%4)2$5,67,1/2%+((



Can	  we	  idenAfy	  prompt	  component	  
with	  atmospheric	  muons?	  

•  Advantages:	  	  
– No	  astro	  component	  
– High	  rate	  
– Angular	  dependence	  

•  Isotropic	  for	  prompt	  
•  	  sec(θ)	  for	  convenAonal	  

–  Seasonal	  variaAon*	  
•  Strong	  for	  convenAonal	  
•  Absent	  for	  prompt	  

•  Problems	  in	  pracAce	  
–  Crossover	  at	  high	  energy	  
–  Energy	  resoluAon	  
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Atmospheric	  neutrino	  self	  veto	  
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1.	  Stefan	  Schönert	  et	  al.	  
Phys.	  Rev.	  D79	  (2009)	  043009	  
Can	  be	  evaluated	  analyAcally	  

Two	  cases	   2.	  Veto	  by	  an	  unrelated	  μ	  
-‐-‐also	  applies	  to	  νe	  
Requires	  Monte	  Carlo	  or	  
numerical	  integraAon	  
(TG,	  Jero,	  Karle,	  van	  Santen	  
PRD	  90	  (2014)	  023009)	  



Angular	  
distribuAon	  
(E>	  60	  TeV)	  
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Note	  shape	  of	  prompt	  atmospheric	  ν	  background:	  
Veto	  does	  not	  have	  to	  be	  complete	  to	  be	  useful	  

Supplementary Methods and Tables – S8

SUPPL. FIG. 6. Comparison of zenith distributions for at-

mospheric neutrino flux with charm saturating previous limits

[9] before (dashed purple line) and after (solid purple line) re-

moval of events accompanied into the detector by muons from

the neutrinos’ parent air shower.

no. of

events event IDs n̂s ∆tcl. p-value

Cluster A 6 2, 14, 22, 24, 25, 33 2.9 25 17%

Cluster B 2 15, 12 2.0 44 9%

Cluster C 2 10, 21 2.0 241 38%

Cluster D 3 3, 6, 27 3.0 558 62%

Cluster E 2 9, 26 2.0 294 50%

Cluster F 2 16, 23 2.0 151 24%

Cluster G 2 8, 16 2.0 190 32%

Cluster H 3 19, 20, 30 2.0 4 8%

Cluster I 2 4, 35 2.0 788 94%

Cluster J 2 17, 36 2.0 508 72%

Cluster K 3 29, 33, 34 3.0 120 4%

SUPPL. TABLE V. Time clustering of 11 spatially clustered

event groups. All p-values are pre-trial. ∆tcl., the best-fit

duration, is in units of days.

Atmospheric	  ν	  veto	  



Fold	  fluxes	  with	  IceCube	  Aeff	  to	  get	  rates	  

IceCube,	  Science	  342	  1242856	  (2013)	  

Visible	  energy	  threshold	  suppresses	  ντ	  and	  νμ	  relaAve	  to	  νe	  
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EffecAve	  areas;	  whole	  sky	  per	  sr	  



IceCube	  νμ	  effecAve	  areas	  	  
separated	  by	  hemisphere	  

10-2

10-1

100

101

102

103

104 105 106 107

A e
ff 

(m
2 )

E (GeV)

!(anti- ) effective areas

average
north
south

North	  (upward)	  
absorbed	  by	  Earth	  

Veto	  Aghter	  for	  
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ApplicaAon	  to	  IceCube	  

•  IceCube	  3	  yr	  analysis	  suggests	  two	  fits	  for	  
astrophysical	  component	  up	  to	  3	  PeV:	  

E2
ν φν = 0.95× 10−8 GeV

cm2sr s
per flavor

E2
ν φν = 1.5× 10−8

�
E

100TeV

�−0.3 GeV
cm2sr s

per flavor
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Astrophysical	  events	  for	  E-‐2.3	  fit	  
(Convolve	  astro	  spectrum	  with	  Aeff)	  

10.9	  νe	  events	  

6.9	  ντ	  	  events	  

4.9	  νµ events	  

Note:	  Plots	  are	  vs	  ν	  energy	  (not	  Evis)	  
assuming	  φν	  ~	  (Eν)-‐2	  
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Signal/background	  
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Note:	  plots	  are	  vs	  true	  neutrino	  energy,	  not	  Evisible	  
The	  distorAon	  is	  biggest	  for	  νµ	  
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Uncertainty	  in	  background	  
limits	  inference	  on	  flavor	  

raAo	  at	  Earth	  
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Scaling	  extrapolaAon	  with	  knee:	  
expect	  7	  atmospheric	  νμ	  in	  3	  yrs	  
IceCube	  HESE	  analysis	  
	  

ExtrapolaAon	  of	  Honda	  flux	  
(with	  knee):	  
Expect	  ≈	  4	  atmospheric	  νμ	  



37	  events	  assuming	  E-‐2.3	  spectrum	  
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Cascades	  	   	   	  Tracks	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  18	   	   	  5	  
	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  4 	   	   	  6	  
	  
	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	  4?	  
-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  
	  	  	  	  	  	  	  	  	  	  	  	  	  22	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  15	  
Data:	  	  	  28	   	   	  9	  
	  

TABLE III. Accounting for thirty-seven events (E−2.3 spectrum)

South (before selfveto) North Total

Astro νe 6.94 N/A 3.94 10.88

Astro ντ 4.13 N/A 2.80 6.93

Astro νµ 3.04 N/A 1.83 4.87

Total Astro 14.1 N/A 8.6 22.7

Conventional νe 0.53 (0.69) 0.68 1.21

Conventional νµ 2.53 (4.58) 4.62 7.15

Charm (ERS) νe 0.36 (1.40) 1.12 1.48

Charm (ERS) νµ 0.10 (0.46) 0.37 0.47

Total atmospheric 3.52 (7.013) 6.79 10.3

Total neutrinos 17.6 (21.2) 15.4 33

Atmospheric µ ≈ 4 N/A 0 ≈ 4

(by subtraction)

TABLE IV. Accounting for events ≥ 60 TeV (E−2.0 spectrum)

South (before selfveto) North Total

Astro νe 4.41 N/A 2.56 6.97

Astro ντ 3.28 N/A 2.09 5.37

Astro νµ 2.55 N/A 1.46 4.00

Total Astro 10.2 N/A 6.11 16.3

Conventional νe 0.31 (0.41) 0.30 0.61

Conventional νµ 1.91 (3.59) 2.94 4.85

Charm (ERS) νe 0.25 (1.10) 0.75 1.00

Charm (ERS) νµ 0.09 (0.41) 0.30 0.39

Total atmospheric 2.56 (5.51) 4.29 6.8

Total neutrinos 12.8 (15.7) 10.4 23.1

Atmospheric µ ≈ −3 N/A 0 ≈ −3

(by subtraction)

9



Summary	  comments	  
•  AnalyAc/numerical	  evaluaAon	  of	  ν	  fluxes	  

–  Account	  for	  non-‐scaling,	  and	  knee	  of	  spectrum	  
–  Useful	  for	  exploring	  uncertainAes	  in	  atmospheric	  ν	  flux	  

•  Kaon	  channel	  dominates	  atmospheric	  ν	  
–  Increase	  of	  µ+/µ-  sets	  level	  of	  kaon	  producAon	  
–  ImplicaAons	  for	  	  	  	  	  	  	  	  	  	  	  	  raAo	  and	  rate	  of	  atmospheric	  background	  

•  Level	  of	  charm	  producAon	  is	  sAll	  uncertain	  
–  Selex	  expt	  suggests	  some	  intrinsic	  charm	  
–  Hidden	  in	  IceCube	  ν	  by	  astrophysical	  component	  
–  Sibyll	  with	  charm	  should	  be	  ready	  soon	  

•  	  ν	  self-‐veto	  reduces	  downward	  background	  atmospheric	  ν	  
•  Cascade/track	  and	  flavor	  raAo:	  	  

–  more	  data	  +	  berer	  understanding	  of	  background	  needed	  
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ν/ν̄



Discussion	  
•  Physics	  moAvaAon:	  

–  Background	  for	  astrophysical	  neutrinos	  
–  Beam	  for	  high-‐energy	  physics	  (charm,	  neutrino	  properAes)	  

•  Experimental	  status	  (5	  yrs)	  
–  Beginnings	  of	  KM3NeT	  
–  IceCube	  Gen2	  (PINGU	  +	  HEX)	  proposal	  &	  start?	  

•  OpportuniAes	  	  
–  Determine	  the	  level	  of	  charm	  and	  prompt	  ν	  
–  Mine	  accelerator	  data	  for	  hadronic	  interacAons	  (recall	  Sanford	  
&	  Wang,	  BNL,	  AGS	  internal	  report,	  1967)	  

–  Determine	  flavor	  raAo	  of	  astrophysical	  ν	  at	  Earth	  
•  Longer	  term	  

–  OperaAons	  of	  next	  generaAon	  detectors	  
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From	  HESE	  3	  yr	  paper	  appendix*	  
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Supplementary Methods and Tables – S7

all energies

Muons π/K atm. ν Prompt atm. ν E−2 (best-fit) E−2.3 (best-fit) Sum (E−2) Sum (E−2.3) Data

Tot. Events 8.4± 4.2 6.6+2.2
−1.6 < 9.0 (90% CL) 23.8 23.7 38.8 38.7 37 (36)

Up 0 4.2 < 6.1 8.3 9.4 12.4 13.5 9

Down 8.4 2.4 < 2.9 15.5 14.4 26.3 25.2 27

Track ∼ 7.6 4.5 < 1.7 4.6 4.3 16.7 16.4 8

Shower ∼ 0.8 2.1 < 7.2 19.2 19.5 22.1 22.4 28

Fraction Up 0% 63% 68% 35% 40% 32% 35% 25%

Fraction Down 100% 37% 32% 65% 60% 68% 65% 75%

Fraction Tracks > 90% 69% 19% 19% 18% 43% 42% 24%

Fraction Showers < 10% 31% 81% 81% 82% 57% 58% 76%

Edep < 60 TeV

Muons π/K atm. ν Prompt atm. ν E−2 (best-fit) E−2.3 (best-fit) Sum (E−2) Sum (E−2.3) Data

Tot. Events 8.0 4.2 < 3.7 2.2 3.8 14.5 16.1 16

Up 0 2.6 < 2.4 1.2 2.0 3.7 4.7 4

Down 8.0 1.6 < 1.3 1.1 1.8 10.7 11.4 12

Track ∼ 7.2 2.9 < 0.7 0.4 0.6 10.5 10.7 4

Shower ∼ 0.8 1.4 < 3.0 1.8 3.2 4.0 5.3 12

Fraction Up 0% 63% 65% 52% 53% 26% 29% 25%

Fraction Down 100% 37% 35% 48% 47% 74% 71% 75%

Fraction Tracks > 90% 68% 19% 19% 17% 72% 67% 25%

Fraction Showers < 10% 32% 81% 81% 83% 28% 33% 75%

60 TeV < Edep < 3 PeV

Muons π/K atm. ν Prompt atm. ν E−2 (best-fit) E−2.3 (best-fit) Sum (E−2) Sum (E−2.3) Data

Tot. Events 0.4 2.4 < 5.3 18.2 18.6 21.0 21.4 20

Up 0 1.5 < 3.7 6.7 7.2 8.2 8.7 5

Down 0.4 0.8 < 1.6 11.6 11.4 12.8 12.7 15

Track ∼ 0.4 1.7 < 1.0 3.8 3.5 5.8 5.5 4

Shower ∼ 0.0 0.7 < 4.2 14.4 15.1 15.2 15.8 16

Fraction Up 0% 64% 70% 37% 39% 39% 41% 25%

Fraction Down 100% 36% 30% 63% 61% 61% 59% 75%

Fraction Tracks > 90% 71% 20% 21% 19% 28% 26% 20%

Fraction Showers < 10% 29% 80% 79% 81% 72% 74% 80%

SUPPL. TABLE IV. Properties of events and models. Limits on the prompt flux are from [9]. The best-fit per-
flavor E−2 normalization is E2Φν(E) = 0.95 · 10−8 GeV cm−2 s−1 sr−1. The global best-fit spectrum is E2φ(E) = 1.5 ×
10−8(E/100TeV)−0.3GeVcm−2s−1sr−1. As event 32, a set of coincident muons, is not reconstructable, it is excluded from all
but the first row of the table. Fractions for up/down and shower/track classifications are provided at the bottom; shower/track
fractions for the muon background are estimates based on examination of lower-energy events. Note that the total track rate
here is dominated by the highly uncertain muon background rate. The column labeled Sum shows the sum of all predictions
given their nominal values and does not include any uncertainties in its constituent rates or the results of the best-fit background
rates, which were slightly below expectations (Suppl. Fig. 4). A graphical presentation of the evolution of the up/down ratio
with energy can be found in Suppl. Fig. 5. The track to cascade ratio is a strong function of spectrum due to threshold effects
[11] that give higher efficiency in the threshold region for νe CC. This causes the near equality between this ratio for the E−2

test flux and the substantially softer charm background.

Supplementary Methods and Tables – S7

all energies

Muons π/K atm. ν Prompt atm. ν E−2 (best-fit) E−2.3 (best-fit) Sum (E−2) Sum (E−2.3) Data

Tot. Events 8.4± 4.2 6.6+2.2
−1.6 < 9.0 (90% CL) 23.8 23.7 38.8 38.7 37 (36)

Up 0 4.2 < 6.1 8.3 9.4 12.4 13.5 9

Down 8.4 2.4 < 2.9 15.5 14.4 26.3 25.2 27

Track ∼ 7.6 4.5 < 1.7 4.6 4.3 16.7 16.4 8

Shower ∼ 0.8 2.1 < 7.2 19.2 19.5 22.1 22.4 28

Fraction Up 0% 63% 68% 35% 40% 32% 35% 25%

Fraction Down 100% 37% 32% 65% 60% 68% 65% 75%

Fraction Tracks > 90% 69% 19% 19% 18% 43% 42% 24%

Fraction Showers < 10% 31% 81% 81% 82% 57% 58% 76%

Edep < 60 TeV

Muons π/K atm. ν Prompt atm. ν E−2 (best-fit) E−2.3 (best-fit) Sum (E−2) Sum (E−2.3) Data

Tot. Events 8.0 4.2 < 3.7 2.2 3.8 14.5 16.1 16

Up 0 2.6 < 2.4 1.2 2.0 3.7 4.7 4

Down 8.0 1.6 < 1.3 1.1 1.8 10.7 11.4 12

Track ∼ 7.2 2.9 < 0.7 0.4 0.6 10.5 10.7 4

Shower ∼ 0.8 1.4 < 3.0 1.8 3.2 4.0 5.3 12

Fraction Up 0% 63% 65% 52% 53% 26% 29% 25%

Fraction Down 100% 37% 35% 48% 47% 74% 71% 75%

Fraction Tracks > 90% 68% 19% 19% 17% 72% 67% 25%

Fraction Showers < 10% 32% 81% 81% 83% 28% 33% 75%

60 TeV < Edep < 3 PeV

Muons π/K atm. ν Prompt atm. ν E−2 (best-fit) E−2.3 (best-fit) Sum (E−2) Sum (E−2.3) Data

Tot. Events 0.4 2.4 < 5.3 18.2 18.6 21.0 21.4 20

Up 0 1.5 < 3.7 6.7 7.2 8.2 8.7 5

Down 0.4 0.8 < 1.6 11.6 11.4 12.8 12.7 15

Track ∼ 0.4 1.7 < 1.0 3.8 3.5 5.8 5.5 4

Shower ∼ 0.0 0.7 < 4.2 14.4 15.1 15.2 15.8 16

Fraction Up 0% 64% 70% 37% 39% 39% 41% 25%

Fraction Down 100% 36% 30% 63% 61% 61% 59% 75%

Fraction Tracks > 90% 71% 20% 21% 19% 28% 26% 20%

Fraction Showers < 10% 29% 80% 79% 81% 72% 74% 80%

SUPPL. TABLE IV. Properties of events and models. Limits on the prompt flux are from [9]. The best-fit per-
flavor E−2 normalization is E2Φν(E) = 0.95 · 10−8 GeV cm−2 s−1 sr−1. The global best-fit spectrum is E2φ(E) = 1.5 ×
10−8(E/100TeV)−0.3GeVcm−2s−1sr−1. As event 32, a set of coincident muons, is not reconstructable, it is excluded from all
but the first row of the table. Fractions for up/down and shower/track classifications are provided at the bottom; shower/track
fractions for the muon background are estimates based on examination of lower-energy events. Note that the total track rate
here is dominated by the highly uncertain muon background rate. The column labeled Sum shows the sum of all predictions
given their nominal values and does not include any uncertainties in its constituent rates or the results of the best-fit background
rates, which were slightly below expectations (Suppl. Fig. 4). A graphical presentation of the evolution of the up/down ratio
with energy can be found in Suppl. Fig. 5. The track to cascade ratio is a strong function of spectrum due to threshold effects
[11] that give higher efficiency in the threshold region for νe CC. This causes the near equality between this ratio for the E−2

test flux and the substantially softer charm background.
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